Azospirillum brasilense is a well known plant growth-promoting rhizobacterium. Plant cell growth is constrained by the primary cell wall (CW) which contains polysaccharide-bound hydroxycinammic acids (HCAs). They derive from phenylpropanoid metabolism, which first step is the reaction catalyzed by phenylalanine ammonia-lyase (PAL; EC 4.3.1.24). Also CW peroxidases (FAPOD; EC 1.11.1.7) play a key role in the stiffening of the CW, and in the cessation of cell elongation. Knowledge of the biochemical effects the bacteria could elicit into plant CW and how these responses could change the hypocotyl physiology still remains scarce. The objective of this work was to unravel the effects of A. brasilense Sp245 inoculation on HCAs of the primary CW in apical and basal segments of cucumber seedlings hypocotyls. Azospirillum inoculation increased hypocotyls' length. Trans-ferulate and p-coumarate were the major HCAs. Dimmers were detected only in the basal region of 13-and 15-d-old hypocotyls. The ratio t-ferulate/dimmer (an inverse index of CW crosslinking) was five times higher in inoculated seedlings. Enzyme activities determined were not directly involved in HCAs content changes. It was previously reported that the CW was a target for A. brasilense growth promotion. This work corroborates that the phenolics, FA, DFA, and p-coumarate bound to the CW are also involved in Azospirillum plant growth promoting strategies.
Introduction
Several mechanisms have been postulated to explain how Plant Growth Promoting Rhizobacteria (PGPR) enhance growth and development of plants. Azospirillum represents one of the best characterized free-living diazotrophs among PGPR [1] . It was previously reported that the cell wall (CW) is a target for A. brasilense growth promotion [2]- [4] . Plant cell growth is constrained by the primary CW which consists of cellulosic micro fibrils embedded in a matrix of interwoven non-cellulosic polysaccharides and proteins [5] . In addition to polysaccharides, CW contains minor amounts of phenolic acids [6] . Of these phenolics, ferulate (FA) bound to the CW undergoes a peroxidase-catalyzed coupling reaction to produce dehydrodiferulates (DFA), which crosslinks matrix polysaccharides [7] [8] . Conditions that inhibit growth as well as an advanced developmental stage, may lead to CW tightening via an increase in the number of diferuloyl cross links present [9] . Thus, the levels of CW-bound FA and DFA have been considered to contribute to the rigidity of CW. Numerous studies have demonstrated a correlation between an increase in the content of DFA in CW of gramineous coleoptiles and a decrease in growth and CW extensibility [10] - [12] . By the other side, very small quantities of p-coumarate (another phenolic acid) are esterified to arabinoxylans in immature tissues, and most p-coumarate accretion occurs in tandem with lignification, making p-coumarate accumulation a convenient indicator of lignification [13] .
Peroxidases are multifunctional enzymes that can build a rigid CW or produce reactive oxygen species to make it more flexible, depending on two possible catalytic cycles, peroxidative or hydroxylic, respectively [14] . These enzymes are prevalent at every stage of plant growth. In particular, dicots FA peroxidase (FAPOD; EC 1.11.1.7) participates in the oxidative coupling of feruloyl-arabinogalactan side-chains in the presence of H 2 O 2 [14] . Ferulates are synthesized via the phenylpropanoid pathway, in which phenyl alanine ammonia lyase (PAL; EC 4.3.1.24) catalyzes the first step playing a rate-limiting role in the pathway [15] . The involvement of PAL activity in the regulation of the amount of CW-bound FA has been shown in wheat [11] and maize shoots [16] .
Precisely how CW components and their intermolecular interactions are changed to allow CW stiffening during growth cessation is not completely known [17] . Azospirillum inoculation induced higher CW elasticity a biophysical indication of CW induced differences during plant cell elongation [3] . Knowledge of the biochemical effects the bacteria could elicit into plant CW and how these responses could change the hypocotyl physiology still remains scarce. The objective of this work was to analyze whether A. brasilense inoculation affected cucumber (Cucumis sativus) hypocotyl primary CW dynamics. For this purpose, CW-bound FA, DFA and p-coumarate contents, CW-bound FAPOD (against ferulate), and PAL activities were determined in apical (immature expanding cells) and basal (mature non expanding cells) segments of cucumber hypocotyls from dark grown seedlings inoculated with A. brasilense Sp245.
Results
Root colonization by Azospirillum must be attained in order to promote plant growth. Total A. brasilense cells number per gram of fresh weight (FW) of root tissue was ca. 8 × 10 6 in all four times determined. In contrast, less than 10 2 bacterial cells g•FW −1 were detected in non-inoculated controls. Hypocotyls from A. brasilense-inoculated seedlings were larger than those from non inoculated controls (Figure 1) . Nevertheless, growth promotion declined from day 10 on.
At day 8, FA contents were similar in both inoculated and non-inoculated hypocotyls either in apical (Figure  2(b) ) or in basal segments (Figure 2(a) ) and DFA was not detected (Figure 3) . Younger apical tissues showed ca. 6 times lesser FA content than older basal ones (Figure 2(a) and Figure 2(b) ).
With respect to basal segments from day 10 to 13 controls showed higher FA contents than A. brasilense inoculated ones. This difference disappeared at day 15. The only DFA detected in these cucumber tissues was the 8-O-4'-diferulate dimmer and was present in higher quantities in controls than in inoculated segments ( Figure  3) . Non-inoculated controls showed a sharp increase in FA content until day 13 when it doubled that of day 8, and coincided with DFA appearance (Figure 2(a) and Figure 3 ). Both phenolics diminished at day 15 ( Figure  2(a) and Figure 3) . Instead, A. brasilense inoculated segments showed a less marked increase in FA content at day 13, ca. 35% from that of day 8 (Figure 2(a) ), and although appearing at the same time (day 13) DFA content halved that of the controls (Figure 3) . By the other side, p-coumarate content rose to 50 mg•g•DW −1 in controls at day 13, and then diminished to 40 mg•g•DW −1 . Instead A. brasilense-inoculated ones reached only 43 mg•g•DW −1 at day 13 and then fell to 32 mg•g•DW −1 (Figure 4(a) ). Differences could also be detected in the ratio of FA to DFA ( Figure 5 ). While it remained constant from day 13 to 15 in control segments, it increased (Figure 4(b) ). In sum, A. brasilense inoculation caused a reduction in the amount of the three phenolics determined, and a raise in the ratio of FA to DFA at day 15 in basal segments. Instead, apical segments showed the same reduction in the content of FA but a marked increase in that of p-coumarate at day 15. No DFA was detected in these segments.
FAPOD activity in basal segments was higher in those from A. brasilense inoculated seedlings (Figure 6 (a)) with respect to controls. This activity reached a maximum at day 13 in either treatment that remained constant until day 15. In apical segments no differences were detected through the time or between inoculation treatments (Figure 6(b) ).
PAL activity in basal segments showed higher values in A. brasilense-inoculated treatments than in controls, but only at days 8 and 10. The first reached the lowest value at day 13. Instead, the second showed a gradual increase before acquiring the higher value at day 15 ( Figure 7(a) ). Also A. brasilense inoculated treatments showed a higher PAL activity in apical segments at days 10 and 13. This activity remained constant throughout the sampling time in control segments and showed an increase from day 8 to 10 in A. brasilense inoculated ones (Figure 7(b) ).
Discussion
It was reported that A. brasilense successfully colonized cucumber roots, stimulated 6-d-old seedling growth, and induced dynamic CW differences between inoculated and non-inoculated hypocotyls [4] . These differences included greater acid-induced CW extension and in vivo elongation when incubated in distilled water, and lower NADH oxidase and FAPOD activities in both young apical segments and basal older ones for Azospirillum inoculated seedlings. It was hypothesized that these lesser activities could be delaying the stiffening of CW in inoculated seedlings accounting for the growth promotion [4] . A higher CW elasticity in the leaves of A. brasilense inoculated wheat plants was also found [3] .
The cross-linkage of polysaccharides by DFA rigidifies the plant CW [6] [7] . Like DFA, CW-bound FA itself affects the rigidity of CW [10] , possibly by altering the susceptibility of matrix polysaccharides to CW hydrolases [7] . In tissue that is placed into the basal zone of the cucumber hypocotyl, cells are no longer elongating [4] and so CW might be more rigid than in younger apical elongating tissue. To have a clearer picture on the effects of Azospirillum inoculation on the phenolics content of the CW, both kinds of segments were studied independently. Ferulic acid and DFA contents were first analyzed in a 6-d-old seedlings system. Negligible quantities of FA and none of DFA were found (data not shown). Taking in mind, that seedlings were grown in the dark, and that it is reported that an advanced developmental stage might lead to an increase in the number of DFA cross links present [9] , changes in FA and DFA contents in older seedlings were studied. Day 13 was chosen, and detectable quantities of both phenolics were found. So an interval of time from days 8 to 15 after germination was chosen to determine phenolics contents and the activities of their related enzymes.
A. brasilense-inoculated seedlings (ca. 8 × 10 6 cells g•FW −1 root tissue) showed larger hypocotyls than noninoculated ones at the four times sampled (Figure 1) . Although present, A. brasilense growth promotion declined from day 10 when hypocotyls had reached ca. 16 cm long, near to the growing cessation stage for etiolated hypocotyles ca. 20 cm height (data not shown). After emergence of the radicle, the hypocotyl emerges and lifts the growing tip above the ground. Seeds are sowed not deeper than 10 cm from the soil surface, so starting from the same reserves stored in the seed inoculated seedlings showed ca. a 2-d advantage to find sun light and success, from non-inoculated controls. This effect was also shown for wheat coleoptiles [2] .
Results here showed that A. brasilense-inoculation reduced CW FA, DFA and p-coumarate contents in basal segments. Even though the accretion of DFA in CW of basal segments in both inoculation treatments was detected at the same time (day 13) (Figure 3) , the accumulation of DFA was lower in A. brasilense-inoculated ones. It is worth to note that although various isomers of DFA might contribute to the natural cross linking of arabinoxylans in vivo, and have been obtained by alkali hydrolysis of CW feruloyl-polysaccharides [18] , only the 8-O-4'-diferulate was found in cucumber basal segments. Also, although p-coumarate content reached a maximum value at day 13 in both treatments (Figure 4(a) ) it was lower in A. brasilense-inoculated ones.
In studies with monocot coleoptiles [10] - [12] , growth dynamics were related not only to CW feruloylation, as indicated by alkali-labile FA and DFA, but also to changes in the ratio between these compounds. In this study, FA/DFA ratio showed the same value for control and A. brasilense-inoculated segments at day 13, at a value of ca. 7:1. That is, A. brasilense treated segments showed the same proportions of FA to DFA although in lesser contents.
Grabber et al. [19] demonstrated that once incorporated into lignin, the three phenolics investigated here are not released from CW by the same room-temperature alkaline hydrolysis used in this work. This fact might explain why their contents dropped from day 13. The highest content of p-coumarate (a convenient indicator of lignification) was reached at this time, and the drop observed in the content of all three phenolics at day 15 might be showing the shifting between primary and secondary wall building. At this point, caution should be exercised when relating FA or DFA concentrations to CW extensibility or growth if lignification of coleoptiles or other tissues has commenced. Results obtained at day 13 (assuming that it was before lignification began) showed that, A. brasilense inoculation caused a reduction in the amounts of the three phenolics determined in basal segments not affecting FA/DFA ratio.
Taking day 15 as the very beginning of lignification, although the three compounds contents fall in both treatments, the FA/DFA ratio raised as high as 50:1 in inoculated segments ( Figure 5) . This increment was due to a marked DFA reduction (Figure 2(a) and Figure 3 ) that could be happening because of preferential incorporation of DFA over FA monomers into lignin during secondary wall formation in A. brasilense inoculated segments (day 15). The proportion of FA to DFA might increase due to a more rapid rate of FA deposition than FA dimerization or reach an intermediate level during secondary wall formation [19] . Ferulate and the various DFA isomers also incorporate into lignin at differing rates, altering the apparent abundance and ratio of these p-hydroxycinnamates in CW [19] . The DFA is perceived as a cross-link of the CW [7] , but the decrease from day 13 suggested a role for DFA in the enforcement of the CW while it undergoes the transformation from a developing immature CW to the more rigid structure of the mature one [20] . It has been postulated that the proportion of DFA in CW is controlled by different mechanisms, e.g. the unpaired electron distribution of ferulate radicals, the relative energies of the coupling products, matrix effects, and the differing propensity of DFA to co-polymerize into lignin. More investigation should be performed in order to determine the molecular differences between inoculation treatments. Apical segments showed ca. 6 times lesser FA content than older basal ones (Figure 2(a) and Figure 2(b) ) and DFA was not detected. In these expanding tissues, where FA content is low and DFA is still not present, the A. brasilense induced higher content of p-coumarate might be playing a different role than initiating lignification, perhaps participating in the biosynthesis of other important metabolites like flavonoids [15] . In sum, A. brasilense inoculation also caused a reduction in the amount of FA but an increase in that of p-coumarate in apical segments.
In addition to CW feruloylation, the coupling process of FA catalyzed by CW-bound FAPOD may be closely involved in the regulation of DFA formation [7] . Peroxidases of plants can be divided into two groups; class I peroxidases which use ascorbate as the preferential electron donor and class III peroxidases which use phenolics as the preferential electron donors [21] . Class III peroxidases are localized in vacuoles and in the apoplast (outside of plasma membranes) [14] - [21] . Peroxidases of this class are multifunctional. One such functions, is that of peroxidases in the apoplast that participate in the formation of lignin which deposit in the secondary CW during normal growth [22] [23]. González et al. [24] reported that the DFA formation was preferentially associated to the activity of FAPOD in segments of oat shoots. Also, the addition of hydrogen peroxide stimulated the formation of DFA in CW of maize cell suspensions [8] , suggesting that the activation of peroxidases may be involved in the stimulation of DFA formation. In the CW of maize cells grown in suspension culture FA crosslinking requires apoplastic peroxidases and apoplastic H 2 O 2 [25] . There is evidence that these two factors are important for the in vivo regulation of FA cross-linking in these cells [26] . By the other side, the formation of FA network consists of several biochemical steps. Ferulate itself is synthesized in the cytoplasm via the phenylpropanoid pathway, where PAL possesses a rate-limiting role. Wakabayashi et al. [27] reported a rapid increase in PAL activity during growth of wheat shoots under normal growth conditions, and a close correlation between the changes in the activity of PAL and the rate of increase in the amount of CW-bound FA. Also, Grabber et al. [8] found that in maize cell suspensions the use of a specific inhibitor of PAL substantially decreased the level of CW-bound FA.
Based on these facts, both CW-bound FAPOD and PAL activities were investigated assuming that both might have a crucial role in the regulation of the formation of FA network.
The activity of the CW-ionically bound FAPOD, showed a gradual increase in control basal segments. This activity reached its higher value at day 13 coinciding with the maximum deposition of both FA and DFA (Figure 6(a) and Figure 3) . Therefore, the formation of DFA appeared to begin at about the time CW FAPOD activity reached a value ca. 0.028 nkat•g•DW −1 (Figure 6(a) ). Apical control segments showed a constant value lower than 0.010 nkat•g•DW −1 through all the sampling interval time (Figure 6(b) ). It is worthy to note that no DFA was found in this kind of segments. A transient increase in apoplastic peroxidase was reported preceding cessation of segmental elongation in tall fescue [28] and in maize [29] . Also the same gradual increase in CW bound FAPOD activity was found in A. brasilense-inoculated basal segments that reached its higher value at day 13 coinciding with their own maximum deposition of DFA. Gibberellins are believed to lower the apoplastic peroxidase activity and thus encourage cell elongation leading to cell expansion [29] . On the other hand, azospirilla are able to produce and secrete plant growth regulators (phytohormones) such as auxins, cytokinins, and gibberellins [1] . The constitutive initiation of cross-linking might be related to the disappearance of an inhibitor/ growth regulator, or the increased production of hydrogen peroxide, or both. Further work is however required to clarify these points.
With respect to PAL activity, it has been shown that environmental factors and pathogens modify the level of CW-bound FA via affecting the PAL activity in some gramineous shoots [30] . The raise detected in these conditions reached almost a 60% with respect to a non-infected or non-stressed control [30] . Fallik et al. [31] demonstrated that Azospirillum does not behave as a pathogenic rhizosphere bacterium, and that inoculation did not affect the activity of PAL. Here the 15% increase in PAL activities observed (Figure 7(a), Figure 7(b) ) did not result in higher extractable FA, DFA and p-coumarate contents (Figure 2(a), Figure 2(b), Figure 3 , and Figure  4(a), Figure 4(b) ). As the phenylpropanoid pathway also derives in other important phenolic metabolic intermediates, the higher PAL activity might be indicating that A. brasilense treatment could be activating these alternative metabolisms [15] and not triggering a pathogenic process as it is well established for azospirilla [31] .
Conclusions
The control of plant growth is of enormous importance in agriculture. So, the mechanisms operating in the CW C. C. Dal Lago et al. 1657 are intensively and actively investigated [32] . The CW does much more than provide strength and shape. It provides a ready path for the movement of some materials, parallel to the cell surface. The walls of neighboring cells are in direct contact, and so the plant's CW combines to form a major transport pathway, the apoplast. The constraints posed by the CW seem to have influenced the choice of cell-signaling molecules in plants. Most of them are small and either neutral or negatively charged, in contrast to the positively charged hormones in animal systems. The variety of roles the CW fulfils goes far to explain the architectural complexity which is now being revealed in the wall by modern analytical techniques. This complexity means that CW structure, and hence also CW biosynthesis must be under close control.
This paper demonstrates for the first time, that very young Azospirillum inoculated-seedlings grown in the dark have a different CW structure, overriding this close control. It also shows that the apoplast of inoculated seedlings has a different composition, and so the signals derived from it, would send different biochemical messages.
It was previously reported that the CW was a target for A. brasilense growth promotion. This work corroborates that the phenolics, FA, DFA, and p-coumarate bound to the CW, and their related enzymes are also involved in Azospirillum plant growth promoting properties.
Methods

Cucumber Inoculation and Colonization Assessment
A. brasilense Sp245 was cultured for inoculation as previously described [2] . Cell suspension concentrations were calculated from Most Probable Number determined in Nitrogen Free broth media by triplicate [33] and related to the optical density determined at 600 nm. Cucumis sativus cv. Dasher II seeds were disinfected in 1% NaClO for 3 min, thoroughly rinsed in sterile water, and germinated on wet filter paper in sealed trays incubated in the dark at 25˚C ± 1˚C for 24 h. Pre-germinated seeds were submerged in a 10 6 A. brasilense cells•mL −1 in 66 mM phosphate buffer (pH 6.8) for 2 h as previously described [2] . Control seeds were submerged in 66 mM phosphate buffer (pH 6.8). After these treatments seedlings were grown in the dark at 25˚C ± 1˚C and samples were taken at 8, 10, 13, and 15 d. All manipulations were done under dim green light. Roots were excised from seedlings, then 1 g FW (c.a. 0.1 g DW) were used to quantify bacterial root colonization through Most Probable Number determination [33] as described earlier [2].
Cucumber Growth Responses to A. brasilense Inoculation
At each sampling time and prior to destructive sampling, hypocotyl length was determined manually by means of a ruler on 150 individual seedlings per treatment. Growth promotion % was calculated from A. brasilensetreated hypocotyl length (AL) and control non-inoculated hypocotyl length (CL), as follows:
( ) Growth promotion % AL AC 100 AC. = − *
Extraction and Analysis of CW-Bound Phenolic Compounds
At each sampling time, elongating hypocotyls were detached from the seedling, and 2 cm-long basal and apical segments were taken starting from the seed junction or 3 mm below the apical tip, respectively. Cell wall-bound phenolics were extracted according to the method described by [17] with slight modifications. Briefly, 0.2 g DW of each pooled hypocotyl segment tissue was crushed in liquid nitrogen, then extracted with methanol/distilled water (80/20, v/v) and absolute ethanol consecutively, and finally centrifuged at 930 × g for 10 min. The supernatant was discarded. The residue, used as source of CW bound phenolics, was subjected to alkaline hydrolysis using 1 M sodium hydroxide for 18 h in the dark, following the same method as described by [18] . This saponified extract was acidified with hydrochloride acid (pH 1 -2), and subsequently extracted with 7 mL of ethyl acetate. The organic fraction was evaporated to dryness under nitrogen flow. Known quantities of t-cinnamic acid were added previous saponification in recuperation essays. High pressure liquid chromatography (HPLC) analysis of FA, DFA and p-coumarate was performed as described by [18] with slight modifications. Samples were analyzed by HPLC on a Hewlett Packard 1100 HPLC system equipped with a binary pump fitted with a Phenomenex reverse phase LUNA C-18 (250 mm × 4.6 mm, 5 μ) column, temperature control unit, and a photo-diode array UV detector. Loads: 20 μL. Elution with a ternary 
FAPOD Assays
Similar hypocotyl samples taken as described above were immediately frozen in liquid nitrogen. They were then processed to obtain CW ionically bound peroxidases as described by [34] . Briefly, 1 g FW apical or basal tissue was homogenized in a cold mortar with pestle along with 1% polyvinyl pyrrolidone in 50 mM phosphate buffer (pH 5.8). The homogenate was centrifuged at 2830 × g for 15 min at 4˚C and then washed four times with the buffer solution. The final pellet was resuspended in 1 M NaCl for 2 h at 20˚C and finally filtered. This last supernatant was used as protein extract for peroxidase activity. Ferulate POD activity was assayed according to [35] . The decrease in FA concentration was measured in a Smart Spec 3000-Bio Rad spectrophotometer following the absorbance decrease at 310 nm for 4 min in a reaction mixture containing 1.35 mL 0.2 M phosphate buffer (pH 5.8), 0.5 mL 240 mM FA, 0.5 mL 3 mM H 2 O 2 , and 0.15 mL enzyme extract. Ferulate POD activity was expressed as nkat•g•DW −1 .
PAL Assays
Hypocotyl samples taken as described above were immediately frozen in liquid nitrogen. Enzyme extraction steps were carried out at 4˚C. One g FW of each pooled segment tissue was crushed in liquid nitrogen in presence of 1% (w/w) polyvinyl pyrrolidone, and then extracted with 4 ml of 100 mM Tris-HCl buffer (pH 8.5) supplemented with 10 mM EDTA, and 0.08 mM β-mercaptoetanol [36] . The suspension was homogenized for 1 min and then centrifuged at 2830 × g for 20 min at 4˚C. PAL was assayed directly in the supernatant [36] after passing it through a 0.45 µm membrane (Millipore, Bedford, USA). 100 mM Tris-HCl (pH 8.5) was used as assay buffer. The formation of t-cinnamic acid was measured in a Smart Spec 3000-Bio Rad spectrophotometer at 290 nm after 1 h of incubation at 37˚C of a reaction mixture containing 700 μl 100 mM Tris-HCl buffer (pH 8.5), 1800 μl 6 μM phenylalanine, and 500 μl of enzyme extract. t-cinnamic acid content was calculated using the extinction coefficient value of 9630 M•cm −1 [30] . PAL activity was expressed as nkat•g•DW −1 .
Experimental Design and Statistical Analysis of Data
The experiments were a factorial combination of two inoculation levels (with and without bacteria) and four times (8, 10, 13 and 15 d) in complete randomized blocks, with three replicas in time and applied independently in apical or basal segments. One hundred and fifty hypocotyls were analyzed in each treatment for growth response determination. Collected apical or basal segment material was randomly divided into three 0.2 g DW pools and analyzed. Three independent replicates of 1.0 g FW each were analyzed in each treatment either in FAPOD or PAL activity assays. The results were analyzed through PROC GLM procedure using SAS statistical package SAS [37] . Significance levels (P < 0.05) were determined through ANOVA and Tukey's test.
